ABSTRACT This paper proposes a novel decentralized control strategy for multiparallel grid-forming distributed generations (DGs) in an islanded microgrid. Different from most existing droop-based hierarchical control methods, the proposed scheme imposes a fixed system frequency that is independent of the load conditions. Additionally, a proper point of common coupling (PCC) voltage amplitude maintaining and proportional power sharing can be simultaneously achieved when dealing with variations in the load and DGs plug in/off. The transient performance of the system, as well as the power supply reliability, can be improved, as no extra restoration control layer or communications between the inverters are needed. Furthermore, the power-sharing ratio among the DG units can be changed online without affecting the voltage regulation performance, which enhances the power management flexibility. The PCC voltage regulation and the power-sharing performance of the proposed control strategy are ensured via the Lyapunov method. Finally, the effectiveness and practicability of the proposed approach are verified through real-time simulations and hardware experimental tests.
I. INTRODUCTION
Microgrids have become an effective method for reliably integrating distributed generations (DGs) into power systems, and microgrids can also be operated more flexibly in both the grid connected mode and islanded mode [1] , [2] . During the islanded operation, multiparallel connected inverter-interfaced DGs can act as grid-forming units to setup the point of common coupling (PCC) voltage and provide active and reactive power to the loads. It is crucial to achieve good PCC voltage regulation for system stability and load supply reliability. Besides, the load power should be shared by the DG units in proportion to their power ratings or available unused capacities [3] , [4] , which can avoid overstressing and delay aging of the sources.
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The droop control method has been widely applied to gridforming inverters to set up the PCC voltage and to achieve the proper power sharing among DG units in a decentralized manner [5] - [8] . Nevertheless, the major drawback of the droop control is the inherent trade-off between the voltage regulation and power sharing accuracy, i.e., a steeper droop can ensure better load sharing, yet it results in larger voltage deviations and more oscillatory transient response [9] , [10] . Moreover, the deviations are load-dependent and cannot be avoided during the transients due to the droop mechanism.
To compensate the deviations in amplitude and frequency of the PCC voltage caused by the primary droop control and restore them to the normal value, an external control loop is commonly installed as the secondary control based on the hierarchical control framework [11] - [13] . However, this vertical hierarchical control mechanism can reduce the dynamics of the system and limit the speed of the voltage regulation, it could be unacceptable in applications where power quality is the main concern, and the reliable power supply may not be ensured during the transients.
Optimum load sharing is another important issue for gridforming DGs [14] , [15] . It is of great benefit if the load power can be flexibly shared by each grid-forming DG according to different operation requirements, such as proportional to the DGs' available unused capacities or considering the DGs' economic generation. However, in an islanded mode, it is hardly feasible to on-line adjust the load sharing ratio among the droop based grid-forming DGs, since an inappropriate change in droop coefficients may adversely affect the voltage quality and system stability.
Considering the above challenges, a novel decentralized control strategy is proposed for multiparallel grid-forming DGs in an islanded microgrid. The control law is designed based on the reformulated dynamic model of the system and developed using a filter tracking error method, which comes from some filtered error notions standard in nonlinear control theory [16] , [17] with some interesting features, such as a high periodic tracking performance and being easily compatible with the robust control method. The system stability and power sharing capability are theoretically proven under different operating conditions (e.g., normal operation and DG fault outage). The salient features of the proposed control technique are as follows:
1) When dealing with the microgrid contingency event, e.g., large or rapid load variation and the DG fault condition, the proposed control strategy can eliminate the trade-off between superior voltage regulation and power sharing accuracy within a single control layer. Thus, enhanced transient performance can be achieved; 2) The arbitrary power sharing ratio and flexible power sharing performance among the DG units can be achieved without affecting the voltage regulation performance; 3) There is no central controller and intercommunication between DG units, which improves the system stability and allows for robust plug-and-play operation. The remainder of this paper is organized as follows. Section II discusses the limitations of the existing droopbased hierarchical control structure for an islanded microgrid, then a novel decentralized controller-based microgrid structure is introduced for enhanced transient performance. The design of the proposed decentralized control law is shown in Section III. A theoretical analysis on voltage regulation and power sharing performance of the proposed controller is presented in Section IV. The effectiveness and practicability of the proposed method are verified through real-time simulations and hardware experimental tests in Section V. Meanwhile, the novelty of the proposed method is highlighted by comparing the existing droop control methodologies. Section VI summarizes the paper.
II. DISCUSSION OF CONTROL STRUCTURES
In this work, it is considered that the multiparallel grid-forming DG units are installed in a common switching station, as shown in Fig. 1 . Therefore, these DG units are considered to be connected to a common AC bus via the line impedances, whereas the grid impedance between each DG connection point is negligible. The main task of this switching station is to keep the PCC voltage stable. In the meantime, the aggregated current (i total ) supplied to the local load or injected into the remainder of the microgrid should be properly shared among grid-forming DG units according to their ratings. However, for a modern microgrid, the control objectives are becoming various and ambitions, such as a robust plug-and-play operation, a higher reliable power supply with superior transient performance, as well as maximal accuracy and flexibility in load power sharing [9] .
It is a significant challenge for most of the existing droopbased control methods due to the limitation of its control structure: inner voltage/current control, primary control and secondary control in a vertical hierarchy, as shown in Fig. 2(a) . Since each layer may interact in an adverse way unless a time-scale separation is enforced, when an unexpected load change or DG fault outage occurs, the aforementioned two control objectives, maintaining the PCC voltage at the rated value and proportionally sharing the load power, must be realized by the coordination of three control layers, which significantly limits the response speed of the system, while the power supply reliability, especially for the sensitive load, will not be ensured.
Different from the droop control mechanism, the proposed control law is developed based on the filtered tracking error control method as mentioned above. Accordingly, this control strategy imposes a fixed system frequency independent of the loading conditions, so the proper maintenance of the voltage amplitude and proportional load power sharing can be guaranteed at the same time during and after the transients (e.g., load variation, DGs plug in/off). As a result, no extra restoration/compensation control layer is needed in this control structure (see Fig. 2(b) ), the potentials of inverterinterfaced DGs in terms of response speed and flexibility can be fully unleashed, and the microgrid system dynamics and transient performance can be significantly improved. Notably, the coordination control layer is reserved here to deal with economic dispatch, operation scheduling, and power management issues. The corresponding control schemes and its implementation is not the focus of this paper.
III. PROPOSED DECENTRALIZED CONTROL SCHEME A. SYSTEM MODELLING
According to the schematic model of the investigated system shown in Fig. 3 , each DG unit is assumed to be three-phase symmetrical. Thus, the dynamic model of the ith DG can be obtained in a stationary reference frame as follows:
The LC filter circuit:
The line impedance circuit:
where the subscript i refers to the index of the DG unit. L f , R f and C f are the filter inductance, resistance and capacitor, respectively; L l and R l represent the equivalent line inductance and resistance between the DG and the common bus, respectively. In the stationary reference frame, variables i α , i β and v α , v β are the inverter output current and the control input of the inverter, respectively; v cα , v cβ and v oα , v oβ are the voltage across the filter capacitor and the PCC voltage, respectively; i oα and i oβ are the current feeding into the AC bus. Considering a general system composed of n grid-forming DGs connected in parallel, the aggregated current feeding into the AC bus from the entire grid-forming units is represented as i total and satisfies i total = n i=1 i oi . We define a positive constant λ i that satisfies n i=1 λ i = 1, then the grid feeding current of each DG unit can be represented as
Thus, (2) can be rewritten as
Further, the dynamics of the capacitor can be utilized to derive the relationship between these two circuit loops as
Since the above n DG units serve a common AC bus, (5) can be expressed as
Diagram of the proposed control strategy for parallel connected grid-forming DGs in an islanded microgrid.
Submitting the time derivative of (4) into (6) yields
According to (7) and (1), the dynamic model of the system can be reformulated asv
where
C fi . u i is considered as an intermediate variable related to the control input, d is regarded as the unknown disturbance item, which can be represented as (10) where
It can be seen from (9) that the input transformation from v i to u i is invertible, which demonstrates that the final voltage command of each inverter can be produced by the proper design of u i .
B. PROPOSED DECENTRALIZED CONTROL LAW
Based on the reformulated system model expressed in (8) , the decentralized controller is developed by using a filtered tracking error-based method, which helps to maneuver the output bus voltage components in stationary frame to track their desired trajectories v * oα and v * oβ via their respective control laws. The desired α, β axis output trajectories can be generated as v * oα = V sin(ωt) and v * oβ = V sin(ωt − π 2), respectively, where V is the amplitude of the phase-voltage, and ω is the system's angular frequency.
The tracking error is introduced as e v = v o − v * o , and the filtered tracking errors can be defined as
and r = r α r β T , q and µ are positive constants.
Recalling the system dynamics in (8) and taking the first and second derivative of E yieldṡ
A Lyapunov function is defined to develop the tracking controller as
where ρ = 1 µ 2 . Differentiating (13) with respect to time and considering (11)- (12) we can obtaiṅ
According to the Lyapunov stability theory, the control law should be properly designed to ensureV < 0. Thus, solving for the control law of the ith DG yields
where k r is a positive constant, and m i is defined as a weight coefficient with 0 < m i < 1. Taking the derivate of u i with respect to time yieldṡ
The control law ensures that under specific conditionṡ V < 0, so that the stability of the proposed controller can be guaranteed. The detailed proof can be found in Section IV.
Finally, the control law u i can be used to generate the reference wave v i for the pulse width modulation (PWM) control of ith inverter as follows
The implementation of the control strategy is shown in Fig. 3 . Notice that the decentralized controller has no central control board and every module uses its own individual control law mostly based on its local information, such as output current, capacitance voltage as well as the preset VOLUME 7, 2019 references curves v * o ,v * o , andv * o and the weight coefficient m i for the individual DG inverter. Since the distance between DG units and the common bus is in a medium or small microgrid scale, the bus voltage feedback signals can also be acquired in a decentralized manner. Moreover, no inter communication is needed between different DG units. As a result, the system's redundancy and reliability can be improved.
IV. PCC VOLTAGE REGULATION AND POWER SHARING PERFORMANCE
In this section, the PCC voltage regulation and power sharing capability of the proposed control are theoretically analyzed. Additionally, the system performance in the case of DG outage is evaluated accordingly.
A. PCC VOLTAGE REGULATION PERFORMANCE
First, the system stability and voltage tracking performance of the proposed controller under a normal operation is evaluated. It can be illustrated that for the investigated system, the following characteristics can be held under the proposed decentralized control law:
1) Superior references tracking performance can be ensured for the PCC voltage v o with a fast transient response and small tracking errors; 2) The global stability of the closed-loop system is guaranteed along with all signals bounded. To aid the proof of the system stability, the following reasonable assumption is introduced before proceeding.
Assumption: The aggregated feeding current i total , and a finite number of its time derivatives are bounded [18] - [20] . Therefore, d along with its respective first and second time derivatives, are unknown but bounded, that is 
where the weight coefficient m = n i=1 m i . Submitting (19) into (14) yieldṡ
Since m = n i=1 m i = 1 is required in the normal operation, the derivative of the Lyapunov function can be developed aṡ
Recalling the Assumption and choosing 0 < ε < 2k r yieldṡ
According to [17, Lemma 1.2] , one has that
It can be obtained from (25) that the filtered tracking error E and r are bounded. Moreover, according to the definition of σ and η in (24), in order to meet the practical operation requirement the tracking error can be rendered arbitrarily small by properly setting the user-defined constants µ, q and k r . Thus, the first assertion can be held.
Since e v andė v are the outputs of a stable linear system with input E, which is proven to be bounded in (25), e v andė v are also bounded. Similarly, sinceĖ = r − µE is bounded, then e v = qė v −Ė is bounded as well. Because v * o ,v * o , andv * o are all bounded, the output bus voltage v o together withv o andv o are also bounded. With the assumption and application of (7), it can be inferred that n i=1 x i =v o +d and n i=1 u i =v o +ḋ are bounded. Hence, standard linear analysis methods can be applied to prove that x i are bounded for i ∈ {1, 2, . . . , n}. Moreover, the definition of x i = i i C f gives i i = C f x i . Thus, i i are bounded, and the second assertion holds.
However, in the case of one or more DGs fault outage, since the condition that m = n i=1 m i = 1 cannot be satisfied, the features from (22) to (25) should be rederived for evaluating the voltage regulation performance. Recallinġ V expressed in (20) - (21) and considering the actual meaning of m, c > 0 can be commonly ensured in most cases by choosing the appropriate parameters k r and µ. Sincev * o and v * o are predefined reference trajectories, V r is apparently bounded, so that it can be processed in a similar way with d in (18) . Thus, the first and second assertions of the PCC voltage regulation can still be held.
Moreover, consider the remaining item V r in (21) after the DG outage, it can be inferred that η depicted in (23)-(25) will become larger if one or more DGs are out of service, which may lead to an increase in the voltage tracking error according to (25) . A practical way to eliminate the additional error is to update the weight coefficients m i through the coordination control layer. Once the weight coefficients are properly reassigned, the amplitude of the PCC voltage can be restored to its original value in the normal operation. In addition, since this coordination control is only responsible for steady-state performance regulation, only an unidirectional low bandwidth communication link needs to be employed for sending the weight coefficients in certain intervals, and the requirement of the communication is low compared to the droop-based secondary controller, which constantly transmits control signals [21] .
B. ANALYSIS OF POWER SHARING PERFORMANCE
To represent the effectiveness of the proportional current sharing between any two operating DGs connected in parallel, e.g., DG i and DG j , the current sharing error is defined as
where m i and m j are the weight coefficients of these two DG units, respectively. According to the system dynamics depicted in (7) and the proposed control law, the following fact holds: The weight coefficient of any two DG i and DG j is set as m i : m j , which leads the current sharing error defined in (26) to be exponentially close to zero as time goes to infinity.
Considering the following Lyapunov function
Recalling the second equation in (7) and the control law in (15) , the derivative of V c can be expressed aṡ
By resorting to the standard Lyapunov synthesis [17] , we have
for any i, j = 1, 2, . . . n, i = j, where x i (0) and x j (0) are the initial values of x i (t) and x j (t), respectively. Since x i = i i C f and x j = i j C f , it can be concluded that the inverter output currents along with their respective weight coefficients will coverage to zero exponentially as time goes to infinity, i.e.,
for ∀i, j ∈ {1, 2, . . . , n} i = j, where i i (0) and i j (0) are the initial output current of DG i and DG j , respectively. It is worth noting that the final current feeding into the common bus from the inverter is slightly different from the inverter output current due to the reactive current flowing across the capacitor. Accordingly, the active current injected into the bus can still be shared accurately under different line impedances. Since the current on the capacitance can be somewhat affected due to the mismatched line impedance, the reactive power sharing accuracy can be degraded. On the other hand, since the PCC voltage tracking performance is well ensured, the total reactive load power can be well covered by each DG unit with a fast transient response. Based on these, the proposed control method can accommodate complex line impedances without explicitly accounting for their differences.
Furthermore, since the power sharing performance is independent of the sum of m i , as well as the tracking error, according to the above analysis, E can be held for any DG unit, and the power sharing error for any two DG units can still be exponentially close to zero as time approaches infinity in the case of DG outage.
With the aforementioned characteristics, by properly setting the weight coefficient m i for the DG's controller, the injected power from different DG units can be flexibly dispatched. Additionally, no system retuning is needed since it has no adverse impact on the PCC voltage regulation. The implementation schemes can be realized and combined with the coordination control layer in different routes, such as a regular central controller to dispatch the weight coefficients to each DG unit with a proper interval of time for optimizing power management, or distributed algorithm, e.g., consensus methods, can be used for each inverter to calculate the weight coefficients.
V. REAL-TIME SIMULATION AND EXPERIMENTAL TESTS A. REAL-TIME SIMULATION TESTS
The proposed control strategy is first tested and compared with the droop-based hierarchical control (DHC) approach [22] through the NI-PXI-based real-time simulation platform. According to the system configuration shown in Fig. 1 , an islanded microgrid with four parallel-connected DG units and loads is developed in an electromagnetic transient simulation software Starsim [23] , which directly links the investigated system model to an FPGA board, where the minimum step size for the inverter model running on the FPGA board is 1 us. The proposed control algorithm is written by the LabVIEW software and deployed to the CPU, which acts as the controller. The two boards are both inside the PXI chassis and interact with one another through FIFO. The on-line programming and the operation results observation can be performed on a host machine, which communicates with the PXI chassis through a network.
The microgrid system and the control parameters are shown in Table 1 . The cases study involves three scenarios: Scenario 1, Scenario 2, and Scenario 3, which correspond to a large load variation, DG unscheduled outage and power sharing ratio adjustment on-line, respectively. The scenario tests are activated in turn at different time points as described in the following. Scenario 1: Initially, four DG units are designed to share 30 kW + 6 kVar load powers proportionally as 4:3:2:1, which means that the load power served by each DG unit should be 12 kW + 2.4 kVar (DG 1 ), 9 kW + 1.8 kVar (DG 2 ), 6 kW + 1.2 kVar (DG 3 ) and 3 kW + 0.6 kVar (DG 4 ), respectively. Then, an additional 30 kW + 3 kVar load is attached at t = 6 s. Correspondingly, each DG will share the entire load power as 24 kW + 3.6 kVar (DG 1 ), 18 kW + 2.7 kVar (DG 2 ), 12 kW + 1.8 kVar (DG 3 ) and 6 kW + 0.9 kVar (DG 4 ).
Scenario 2: The load is maintained at approximately 60 kW + 9 kVar and the system settings are the same as the previous scenario. An unscheduled outage of DG 1 occurs at t = 10s. Thereafter, the load power will be shared by the remaining three DG units at a ratio of 3:2:1, which should be 30 kW + 4.5 kVar (DG 2 ), 20 kW + 3 kVar (DG 3 ), and 10 kW + 1.5 kVar (DG 4 ), respectively.
Scenario 3:
The power sharing ratio is changed from 3:2:1 to 1:2:1 at t = 14s, the corresponding droop coefficients of the droop controllers and the weight coefficients of the proposed controllers are changed online to investigate the flexibility of power sharing under these two different control methods. Therefore, the updated injected power of each DG unit should be 15 kW + 2.25 kVar (DG 2 ), 30 kW + 4.5 kVar (DG 3 ), and 15 kW + 2.25 kVar (DG 4 ).
DHC Method: It can be seen from Fig. 4(a)-(b) that with the help of virtual impedance and proper droop coefficients, in the steady state both active and reactive power can be properly shared with the DHC method according to the preset droop coefficients. However, power fluctuations occur during the load change in Scenario 1. In the meantime, the sharing process, which is based on the primary control, causes a deviation in the frequency and amplitude of the PCC voltage, as shown in Fig. 4(c) . Notice that after more than 2 s, the frequency and amplitude of the PCC voltage are recovered to their normal values, and the injected power of each DG unit is gradually raised to the desired steady state value with the help of secondary coordination.
Similarly, a larger deviation in the frequency and amplitude of the PCC voltage occurs after the DG 1 outage in Scenario 2. Although it can be compensated by the secondary control, the relatively long transient process significantly degrades the system dynamic and affects the power supply reliability.
Furthermore, in order to fulfill the power sharing demand in Scenario 3 with a fast response speed, the droop coefficients of DG 2 are directly changed to the same value as DG 4 . From Fig. 4(a) and (b) one can see that large power fluctuations occur during the droop coefficients variation. While the transient responses of the PCC voltage frequency and amplitude also have obvious cyclical oscillations, deviations still exist. It can be inferred that the overcurrent is inevitable during this transient, which may cause the quit operation of the DG units, and seriously affect the stability of the microgrid system.
Proposed Method: The active power can be accurately shared in the steady state, and the accuracy of the reactive power sharing is also acceptable, as shown in Fig. 5 (a) and (b). Notice that the proportional power sharing is still working after the DG outage in Scenario 2. Compared with the DHC method, both the active and reactive power have faster responses during the transient, and the system can immediately arrive to the steady state in both Scenario 1 and Scenario 2.
From Fig. 5(c) , it can be observed that a small frequency oscillation (0.15 Hz) occurs at the moment of load change for a very short time, which may be caused by the frequency measurement error. Afterwards, it is shown to be maintained at the rated value. It is noted that there are two undesired voltage amplitude deviations that occur at the moment of the load increase and DG outage. For the first deviation, a large load change is considered (almost the same amount as the initial load), and the deviation of the amplitude is relatively small (0.0062 p.u.), which has a minor effect on voltage regulation performance. Another small deviation is due to the condition 4 i=2 m i = 1, which cannot be satisfied after the DG outage. According to the analysis in Section IV, it can be compensated by updating the weight coefficients. Here, we manually adjust the weight coefficient to 0.5, 0.33 and 0.17, respectively from m 2 to m 4 at t = 11s. It can be seen from Fig. 5(c) that the voltage amplitude is restored afterwards. In the meantime, the injected power of each DG unit is raised to the desired value, as shown in Fig. 5(a) and (b) .
In Scenario 3, when the weight coefficients are updated as 0.25, 0.5 and 0.25 from m 2 to m 4 , respectively, each DG unit adjusts its active and reactive power accordingly and quickly and shares the proportional power very accurately. Additionally, this process has no impact on the PCC voltage regulation, which ensures the stability of the system.
B. HARDWARE EXPERIMENTAL TESTS
In this section, a microgrid prototype is built based on two parallel connected three-phase inverters and a load, as shown in Fig. 6 . The experimental parameters are listed in Table 2 . The practicality of the proposed controller is investigated through three cases: the load change, additional DG plug-in and flexible power sharing. For Case 1 and Case 2, the virtual impedance based droop control method is compared with the proposed control strategy. The experimental results are illustrated from Fig. 7 to Fig. 9 . 
Case 1 (Response to Load
Step Change): The power sharing ratio of the two inverters is set as 1:1, and load #2 is attached to the PCC at a certain moment. Fig. 7(a) shows the transient response of the system under droop control when a load change is suddenly produced. Note that the current waveform of one inverter almost coincides with the other throughout the entire runtime. However, before the system goes to steady state, the transient process lasts for approximately 9 cycles, during which the voltage drop can be observed, the maximum deviation is close to 8% of the voltage amplitude. Compared to that, the proposed control strategy has a better transient performance as shown in Fig. 7(b) , and the power sharing accuracy can also be ensured.
Case 2 (Response to New DG Unit Plug in):
The system transient response to the DG plug-in is investigated in this case. For a droop controller, presynchronization is required for a new DG connection, which commonly requires the help of the secondary controller to acquire the PCC voltage information. Here, the power sharing ratio of the droop controllers is set as 1:1, and synchronization is achieved before one DG plugs into the system. The results are shown in Fig. 8(a) . It can be seen that although the load current and PCC voltage can be maintained, the transient performance of the inverter feeding current is poor, which suffers from a fluctuation and lasts for a relatively long time. For the proposed controller, the power sharing ratio is set as 2:1, since each DG unit is controlled to track the sinusoidal references with the same frequency, phase and amplitude, and the extra presynchronization can be eliminated. As shown in Fig. 8(b) , a superior transient performance and accurate power sharing can be obtained, and the PCC voltage is well-maintained during the transient. 
Case 3 (Response to Weight Coefficients Adjustment):
The transient response of the proposed controller under the change of load sharing demand from 2:1 to 1:1 is tested in this case. The weight coefficient of each DG is changed from m 1 = 0.67, m 2 = 0.33 to m 1 = 0.5, m 2 = 0.5, and the results are shown in Fig. 9 . It can be seen that the power sharing ratio can be accurately adjusted according to the weight coefficient in a very quick manner, while the voltage and the load current can be maintained well during this process.
Above all, the potential benefits and limitations of the proposed control method compared with the droop-based control method are summarized in Table 3 . From the Table, it is difficult for only one control scheme to overcome all drawbacks. However, the proposed control scheme might shed some new light on the operation of grid-forming inverters to help improve the design and implementation of future islanded microgrid.
VI. CONCLUSION
This paper presents a novel decentralized control strategy for multiple three-phase paralleled grid-forming DG units in an islanded microgrid. By using the filtered tracking error method, the proposed controller can achieve superior PCC voltage regulation and proportional load power sharing performance. Compared with the droop-based hierarchical control methods, a high transient performance can be ensured under various disturbances, i.e., large load variation, DGs fault outage and an additional DG plug-in. Moreover, flexible load power sharing among DG units can be achieved by directly adjusting the weight coefficients. Meanwhile, the voltage regulation performance will not be affected. The voltage regulation performance and the power sharing capability are analytically proven using the Lyapunov method. The effectiveness of the proposed method has been verified through a real-time simulation, as well as through hardware experiments. In the future, more advanced control algorithms for weight coefficient calculation can be integrated to achieve flexible and optimal power management of the microgrid.
